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Background. Nintedanib is a small molecule tyrosine kinase inhibitor that blocks the action of the platelet-derived growth factor receptor (PDGFR), the vascular endothelial growth factor receptor (VEGFR) and the fibroblast growth factor receptor. All of these receptors have been shown to be involved in the development of cardiac allograft vasculopathy (CAV) after heart transplantation. We therefore hypothesized that blocking these tyrosine kinase receptors with nintedanib could prevent CAV. Methods. CBA/JRj (H2 k ) mice underwent an abdominal aortic transplantation with a graft derived from fully allogeneic C57BL/6JRj (H2 b ) mice. Nintedanib was given daily from the first day after transplantation until harvest on day 14 for polymerase chain reaction analysis of intragraft cytokine expression or harvest on day 30 for histological analysis of the graft. Results. Nintedanib treatment resulted in significantly reduced neointima formation in the aortic graft compared with untreated control allografts. Interestingly, the immigration of smooth muscle cells into the neointima was markedly reduced while graft infiltrating macrophages and T cells were not altered in nintedanib-treated animals. The expression of the growth factor PDGF was significantly reduced in the nintedanib group going along with a distinctly reduced expression of the corresponding receptors PDGFR α and -β. Conclusions. Treatment with nintedanib caused a significant reduction of CAV development after aortic transplantation in mice. We hypothesize the attenuated neointima formation in nintedanib-treated animals to be mediated by a direct inhibition of intimal smooth muscle cell proliferation via reduced expression of PDGF and the appropriate receptors PDGFR α + β. N intedanib (formerly known as BIBF 1120) is a small molecule tyrosine kinase inhibitor that blocks signal transduction of platelet-derived growth factor receptors α and β (PDGFRα + β), vascular endothelial growth factor receptors 1 to 3 (VEGFR1-3) and fibroblast growth factor receptors 1 to 4 (FGFR1-4) which contain tyrosine kinase domains as part of their molecular structure and important for the signal transduction pathways. [1] [2] [3] Initially, nintedanib was investigated as an anticancer drug because of its antiangiogenic properties and it is now approved for the treatment of nonsmall-cell lung cancer under the name VARGATEF. In addition, nintedanib showed good antifibrotic properties and is therefore also approved for the treatment of idiopathic pulmonary fibrosis as OFEV (Böhringer-Ingelheim).
Heart transplantation is the last treatment option for patients with end stage heart disease. Survival rates after transplantation are strongly limited by the development of cardiac allograft vasculopathy (CAV). Ten years after heart transplantation, this pathology can be found in about 50% of the patients and it is one of the most common causes of death. 4 Cardiac allograft vasculopathy is a chronic disease that affects the vessels of the transplanted heart and leads to diffuse concentric narrowing of the vessel lumen due to neointima formation which predominantly consists of smooth muscle cells (SMCs) and leukocytes. [5] [6] [7] [8] All 3 classes of tyrosine kinase containing growth factor receptors affected by nintedanib (PDGFRs, VEGFRs, and FGFRs) are involved in the pathogenesis of CAV. [9] [10] [11] Platelet-derived growth factor receptor is long known as one of the most potent stimulators of SMC migration and proliferation, 12 which in turn are central pathological features for neointima development in CAV. Expression of PDGF ligands and receptors is strongly upregulated in pathological states as CAV. 10 Although a deleterious effect of PDGF was detected, different ligand and receptor subtypes were assumed to be responsible. [13] [14] [15] Similarly, VEGF could be linked to CAV by several studies including some with human patients 9,16 as well as experimental animal studies. 17, 18 Different ligand and receptor subtypes were found to contribute to the pathogenesis of CAV, especially VEGF-A 9,16,17 and VEGF-C. 9, 19 Finally, for the 2 most abundant and relevant FGFR ligands FGF1 (acidic FGF/aFGF) and FGF2 (basic FGF/ bFGF) 20 reports also exist concerning their involvement in CAV. 11, 21, 22 These observations led us to the hypothesis that treatment with nintedanib might prevent the development of CAV in an experimental mouse aortic allograft model. 
MATERIALS AND METHODS

Abdominal Aortic Transplantation
The procedure was performed with the microscope (OPMI 1 FC; Zeiss) using a modified technique initially described by Koulack et al. 23 In brief, the donor thoracic aorta was isolated and resected. The recipient abdominal aorta was revealed and clamped and then transected with sharp microvascular scissors between the clamps. Two end-to-end anastomoses with interrupted single sutures were performed connecting the proximal and distal ends of the recipient aorta with the donor aorta graft.
Treatment Protocol
Nintedanib (Hölzel Diagnostika, Köln Germany) was dissolved in distilled water and 60 mg/kg nintedanib in 0.1-mL solution were given via gavage once a day. Treatment started on day 1 after transplantation and was continued until sacrifice. As a control group we treated allografts with pure distilled water (0.1 mL). Groups are therefore designated "nintedanib" and "untreated" in the following. The treatment dose of 60 mg/kg was selected from literature research. Wollin et al 3 received good results with this dosage in a mouse model of fibrotic lung disease. Similarly, Huang et al 24 found a good efficiency of the same dosage in the context of systemic sclerosis in mice and Bonella et al 25 state 30 to 100 mg/kg orally once daily as the effective dose for mice with good tolerance after application for 10 to 30 days.
Analysis of the Aortic Graft
Aortic grafts were removed under anesthesia on days 14 and 30 after transplantation for polymerase chain reaction (PCR)-analysis and histological analysis respectively. The experimental timeframe was chosen with regard to published data, which showed day 14 as the time point of highest cytokine expression and day 30 as an appropriate time point for fully developed vasculopathy in the murine aortic transplant model. 26 Grafts were perfused with saline and were flash frozen in OCT medium (Tissue-Tek, Sakura, Netherlands) in liquid nitrogen for histologic analysis of 7-μm cryostat sections or were stored in RNAlater (Qiagen) at −20°C for further gene analysis.
Morphometry
The quantitative measurement of neointima proliferation was performed on sections stained with Elastika-van-Gieson. Five sections distributed over the length of each graft were analyzed by 2 independent examiners blinded to the experimental conditions at an original magnification of Â40 using a conventional light microscope (Olympus BX51). A digitized image of each section was captured and the areas within the lumen and the internal and external elastic lamina were circumscribed manually and measured as previously described. 26 Interobserver differences were minimal and mean values were used for interpretation. All image analyses were carried out using cellSens Dimension image analysis software (Olympus, Germany).
Antibodies
For this study we used the following antibodies: anti-FGFR1, anti-FGFR2, anti-VEGFR2, anti-PDGFRα, and anti-SMA (Abcam, Cambridge, UK); antimacrophage F4/80 and anti-CD205 (AbD Serotec MorphoSys, Duesseldorf, Germany); anti-CD4 (BD Bioscience, Heidelberg, Germany); anti-PDGFRβ (eBioscience, San Diego, CA) and anti-VEGFR1 (Novusbio, Littleton, CO). Furthermore the secondary antibody mouse antirat IgG-Cy3 (Dianova, Hamburg, Germany) was used for detection of anti-FGFR1, anti-FGFR2, anti-VEGFR1, anti-VEGFR2, anti-PDGFRα, anti-PDGFRβ, anti-macrophage F4/80, anti-CD205, and anti-CD4. Anti-SMA was visualized with the secondary antibody goat anti-rabbit IgG-Alexa Fluor 555 (Invitrogen; Eugene, OR) and endothelial cells were detected with CD31-FITC (BD Biosciences, Heidelberg, Germany). All slides were covered with Vectashield Hard Set Mounting medium with DAPI (Vector Laboratories, Burlingame, CA) for nucleus staining.
Immunofluorescence
Aortic grafts were removed and frozen as described in the morphometric analysis above. Seven-micron cryostat sections were placed on slides and fixed in acetone for 10 minutes. Before application of the detecting antibodies, slides were rehydrated in staining buffer (1Â Tris-buffered saline and 0.05% Tween 20%). After that, standard protocols involve preincubation with heat-inactivated serum to minimize unspecific antibody binding before applying the primary and secondary antibody. All staining variations involved the detection of endothelial cells with CD31-FITC. Some protocols contained an additional permeabilization procedure with 0, 1% Triton X-100 before overnight incubation with the primary antibody to receive the best results (PDGFRα, VEGFR2, and FGFR2). All steps were conducted in a humidified chamber at room temperature. The slides were mounted with Vectashield Hard Set Mounting medium. Analysis was done with epifluorescence microscopy (Olympus, Germany). Quantification of the intragraft cellular infiltrate on day 30 after transplantation was performed with computerized image analysis using cellSens software and an original magnification of 100Â.
Analysis of Intragraft mRNA Expression
RNA was isolated from whole aortic grafts removed on day 14, which was previously established as the time point of highest cytokine expression. 26 Grafts were flushed with sterile saline and stored in RNAlater at −20°C until analysis. RNA isolation and complementary DNA (cDNA) synthesis was performed according to standard protocols. Real-time quantitative PCR amplification was performed in triplets using the StepOne Real-Time PCR System and the TaqMan Gene Expression Master Mix (Applied Biosystems Forster City, CA). To generate PCR standards, the respective PCR product was cloned into a TOPO cloning vector (Invitrogen, Karlsruhe, Germany). The exact identity of the cloned amplicons was backed up by sequence analysis. Standard curves with known concentrations of template copy numbers were used to determine the expression of the amplified target. In each experimental setup, we also analyzed the 18S rRNA expression as a housekeeping gene by quantitative PCR. Afterward, the samples were normalized against the expression of the housekeeping gene (the ratio between the copies of the target gene cDNA and copies of the 18S rRNA multiplied with 1000000). The results are given as relative copy numbers.
Primers for tumor necrosis factor (TNF)α, IL-6, and PDGF-B are published in previous work of our group, 27 whereas primers for INFγ, monocyte chemoattractant protein (MCP)-1, and CD40L are used as published by Overbergh et al. 28 The sequence from the primers and probe for platelet endothelial cell adhesion molecule (PECAM)-1 were designed with primer3 output and synthesized by Eurofins MWG Operon (Ebersberg, Germany) (PECAM-1: forward 5′-GAA CCC ATC AGG AGT GAATAC GT-3′; reverse 5′-TGG ACC AAG TGT GTC ACT TGA AC-3′ and probe: 5′-CGT GCA GGA GTC CT-3′).
Statistical Analysis
Results are given as the mean per group ± SEM, which was derived from the mean per graft. Statistical analysis was done using a one-way analysis of variance followed by a Bonferroni correction using the SPSS software for windows (version 21) . Differences between groups are considered as significant when P value is less than 0.05.
RESULTS
30-day Treatment With Nintedanib Significantly Reduces Neointima Proliferation and SMC Migration
Main characteristic of CAV is the immigration of leukocytes and SMCs resulting in neointima formation. 6, 7 We quantified the amount of vascular lumen that is occluded by this neointima and found a significantly reduced level of neointima in the group of nintedanib-treated animals in comparison with untreated controls 30 days after transplantation (33.4% ± 11.9% vs 53.8% ± 13.0%; P = 0.004; Figure 1) . Congruously, immigration of smooth muscle cells into the neointima detected by immunofluorescence was significantly lower in nintedanib-treated grafts compared to untreated control allografts (6528 μm 2 ± 4863 μm 2 vs 34051 μm 2 ± 8868 μm 2 ; P < 0.001; Figure 2 Figure 3A) ) and lower values with a strong statistical significance for DCs (3539 μm 2 ± 3175 μm 2 vs 10885 μm 2 ± 1001 μm 2 ; (P = 0.0023) (Figure 3B) ). Amounts of macrophages did not differ in aortic grafts from nintedanib-treated animals and untreated controls (5185 μm 2 ± 1132 μm 2 for nintedanib group vs 4993 μm 2 ± 2073 μm 2 for control (P = 0.85; Figure 3C) ).
Nintedanib Treatment Results in the Reduced
Expression of PDGF Receptors a and b
To investigate whether continuous treatment with nintedanib influences the expression of the targeted tyrosine kinase containing receptors we analyzed the receptor distribution within the neointima of the aortic graft using immunofluorescence. For the PDGF receptors, PDGFRα and PDGFRβ were significantly reduced in nintedanib-treated animals (3596 μm 2 ± 2867 μm 2 vs 15970 μm 2 ± 6522 μm 2 (P = 0.00062) for PDGFRα ( Figure 4A ) and 10662 μm 2 ± 7272 μm 2 vs 19440 μm 2 ± 3467 μm 2 (P = 0.048) for PDGFRβ ( Figure 4B) ). Expression of FGF receptors 1 and 2 Figure 5C ); 11120 μm 2 ± 5435 μm 2 (nintedanib) vs 10399 μm 2 ± 1468 μm 2 (allografts) for FGFR2 (P = 0.84; Figure 5D ) and 6053 μm 2 ± 1590 μm 2 (nintedanib) vs 6621 μm 2 ± 2581 μm 2 (allografts) for VEGFR2 (P = 0.76; Figure 5B) ). Interestingly, VEGFR1 expression was increased in nintedanib-treated animals though no significance was reached (6777 μm 2 ± 1368 μm 2 vs 3942 μm 2 ± 2574 μm 2 (P = 0.17; Figure 5A) ).
Treatment With Nintedanib Increases the Expression of Some Cytokines But Significantly Decreases the Expression of PDGF Within the Graft
The development of CAV is driven by the release of proinflammatory cytokines from several cell types, predominantly macrophages and T cells, but also from nonimmune cells like SMCs or endothelial cells. 5, 6 We analyzed the expression of a variety of proinflammatory cytokines in the aortic graft and found statistically significant increases for nearly all of them in allografts compared to isografts, as was expected. After nintedanib treatment only PDGF and PECAM-1 showed a significantly decreased expression compared to untreated allografts and CD40L was slightly but statistically not significantly reduced. The expression levels of important cytokines with promoting effects on CAV development like TNFα, IL-6, INFγ, and MCP-1 were not reduced as compared to untreated controls ( Figure 6 ).
DISCUSSION
Cardiac allograft vasculopathy still is the most important long term complication after heart transplantation and many efforts are taken to find a way to prevent its development. 33 In the current study, we tested nintedanib, a tyrosine kinase inhibitor with antagonistic effects on different growth factor receptors, for its impact on CAV. Results of our study revealed that treatment with nintedanib (1) significantly reduced CAV development after allogeneic aortic transplantation in mice, (2) which was characterized by significantly reduced amounts of neointimal smooth muscle cells accompanied by a decreased immigration of DCs and T cells into the neointima, and (3) by reduced expression of PDGF receptors α and β as well as their ligand PDGF-B. This proposes a direct inhibition of SMC accumulation in the neointima via blocking their PDGF receptors combined with reduced DC immigration and subsequently decreased T-cell amounts in the neointima as the mechanisms of action.
The accumulation of smooth muscle cells in the intima with resulting intimal thickening is the most important feature of CAV. 5, 7, 34 Nintedanib significantly inhibited this process in our mouse model which can be explained by the effects of the targeted tyrosine kinase receptors (TKRs). PDGFRα + β strongly mediate SMC proliferation and migration after ligand binding, 11, 30, 31 while VEGFR1 + 2 only mediate cell migration, 32, 33 but additionally seem to be able to potentiate the mitogenic effect of FGF. 32 FGF again is a very potent factor for SMC proliferation 34 via its receptors FGFR1 and FGFR2. 35 Therefore blocking the activity of these receptors holds a great potential of inhibiting SMC migration and proliferation. Nintedanib is effective in our model of CAV development with regard to significantly reduced neointimal thickness and decreased SMC amounts. F4/80; C) . Area of the graft stained positive for the respective receptor was measured as described in the methods section: Immunfluorescence (n = 6 animals for each group (treated allografts and control allografts) and each leukocyte population, values given as mean ± SD; *P < 0.05 vs untreated control allograft).
Continuous targeting of a receptor might change its expression levels, and we therefore analyzed the expression of TKRs after 30 days of treatment with nintedanib. The efficiency of nintedanib to dose-dependently inhibit TKRs was demonstrated in vitro for PDGFRs, VEGFRs, and FGFRs 2,3 and also in vivo in mice treated with 60 mg/kg p.o. for PDGFRs α and β.
3 Tyrosine kinase receptors are known to be internalized and consequently downregulated after activation through ligand binding. 35, 36 The activity of the receptor tyrosine kinase seems to be important for mediating this effect although the extent of its contribution is discussed controversially and seems to vary between different TKRs. [37] [38] [39] Few reports exist that describe the effect of tyrosine kinase inhibition on TKR expression, and although 1 study found reduced internalization and degradation of epidermal growth factor receptor after treatment with the tyrosine kinase antagonist genistein, 40 this result is contradicted by another study that found unchanged epidermal growth factor receptor internalization after inhibition of the receptor tyrosine kinase. 41 Observations of our own study were also diverse and partially even differed markedly between subtypes of the same TKR. Although the expression of both PDGFRα and PDGFRβ was clearly downregulated in nintedanib-treated grafts, the expression of FGFR1, FGFR2, and VEGFR2 was not influenced by nintedanib and interestingly the expression of the VEGFR1 was even elevated. This supports the notion that the expression of TKRs is not regulated uniformly, but differs among the individual receptors. Regarding the elevated expression of VEGFR1 it should be kept in mind that the VEGFR1 has a 10-fold lower tyrosine kinase activity than VEGFR2 42, 43 and effects of the classical ligand VEGF-A are predominantly mediated via VEGFR2. 43 Therefore, high levels of VEGFR1 do not necessarily cause an amplified VEGF action. On the other hand, downregulation of both PDGFR subtypes in our experimental model might be the mechanistic link between nintedanib treatment and inhibition of SMC proliferation. Suesskind-Schwendi et al 44 used nintedanib in a rat lung transplantation model and also found receptor down-regulation (PDGFRα and VEGFR2), but interestingly did not reveal decreased fibrosis development after lung transplantation. This controversy to our results can be explained by a different pathomechanism in the aortic transplant model: neointima formation in CAV initially is driven by SMC proliferation and accumulation as well as leukocyte infiltration whereas fibrosis represents only a minor aspect in CAV. Further studies would be necessary to specify the regulation of receptor expression.
Beside SMCs, leukocytes are of great importance in the pathogenesis of CAV. Dendritic cells as "professional" antigen presenting cells 29 promote the development of CAV by initiating the activation of T cells. 45 We found significantly reduced graft infiltrating DCs after nintedanib treatment compared with untreated control allografts which might be another mechanism of action of nintedanib in addition to inhibiting SMC proliferation. Reports concerning the existence of TKRs on DCs though are rare and can only be found for VEGFRs which are supposed to play a role in DC differentiation 46 and the inhibition of T cell activation. 47 One might therefore hypothesize that upregulated VEGFR1 after nintedanib treatment reduces DC ability to activate T cells. Additionally, decreased amounts of DCs found in the neointima of allografts after nintedanib treatment might also suggest a role for tyrosine kinases in the migration of DCs.
Of the several distinct subtypes of T cells especially CD4 + T cells are associated with the promotion of CAV and subsequent neointima formation. 30, 31, 48, 49 Our results show reduced CD4
+ presence in grafts of nintedanib-treated animals, which is possibly associated with reduced stimulation by DCs as a cause of their decreased numbers as mentioned above. Another link to reduced T-cell numbers can be seen in the lowered intragraft expression of CD40L in the nintedanib group, because binding of lymphocyte CD40L is an important costimulatory signal for T-cell activation. 50 Additionally, reduced T-cell amounts could also derive from a direct effect of nintedanib on T cells. Though the connection between T cells and growth factor receptors is relatively poorly explored, several studies demonstrate the existence of PDGFRs, 10 ,51
VEGFR1
52,53 and FGFRs 54 on T cells and ascribe them functions in inhibition of T cell activity, 10,51 promotion of T cell recruitment 52 and chemotaxis, 53 promotion of IL-10 production and possibly inhibition of INFγ release 53 as well as costimulation in T-cell activation. 54 Additionally, some studies describe concrete observations made for the influence of nintedanib on T cells. Wollin et al 3 found that nintedanib reduces lymphocyte counts in the bronchoalveolar lavage of mice with bleomycin or silica induced pulmonary fibrosis, but no further division between T and Blymphocytes and their respective subtypes was made.
Macrophages play, like DCs and CD4 + T cells, a central role in the pathogenesis of CAV. 30, 31, 48, 49, 55 Therefore, we examined their occurrence in the neointima of the different experimental groups. Interestingly, we found no alteration regarding the number of graft infiltrating macrophages after nintedanib treatment. This is in contrast to reported results from different mouse fibrosis models, where nintedanib prevented the pathogenesis associated increase of macrophages. 24, 56 Huang et al 24 showed in vitro as well as in vivo that the inhibitory effect of nintedanib is due to blocking macrophage polarization into the M2 subtype. M1 macrophage counts were not affected by nintedanib in this experiment. These findings implicate a dominant role for M1 macrophages in the inflammatory processes of CAV, while M2 macrophages are important in the development of fibrosis. 57 The abovementioned findings may also explain some of our cytokine expression results described in the following section.
Intragraft expression analysis of multiple proinflammatory cytokines revealed increased levels in the untreated control allografts compared to isografts, as was expected. Similar high values could be found after nintedanib treatment (eg, TNFα, IL-6, INFγ and MCP-1), which confirms that rather M1 macrophages with their typical inflammatory mediators are the important subpopulation in our transplant model. Moreover, several cytokines exert a positive feedback and FIGURE 6. Expression of inflammatory cytokines in aortic grafts. Intragraft gene expression analysis was done by quantitative real time PCR as described in Materials and methods (Analysis of intragraft mRNA expression), and each diagram shows relative copy numbers of the respective measured gene expression in untreated control isografts, untreated control allografts and nintedanib-treated allografts retrieved 14 days after transplantation (n = 6 animals for each group (isografts, untreated allografts and nintedanib-treated grafts) and for each gene, values given as mean ± SD).
promote macrophage immigration, for example MCP-1, 45 IL-6 46 or TNFα. 47 Interestingly, there was a significantly reduced expression of PGDF, ligand for the PDGFR, and one of the most potent stimulators of SMC proliferation 58 after treatment with nintedanib. This supports the hypothesis that inhibition of PDGF signaling finally leads to the drastically reduced intimal SMC accumulation. This mechanism even seems strong enough to not be overruled by high levels of inflammatory cytokines.
CONCLUSIONS
Treatment with nintedanib significantly reduced the development of CAV in a murine model of aortic transplantation. As the mechanism of action we assume a direct inhibition of migratory and proliferative signals on SMCs caused by blocking their TKRs combined with the reduced expression of PDGF. Additional positive influence could be mediated by the inhibited immigration of DCs and T cells. The result of this study includes translational implications, because nintedanib is already approved for human treatment.
